Transparent oxide semiconducting thin films based on mixed Ti-V oxides were prepared using a modified reactive magnetron sputtering method. Based on structural investigations performed with the help of x-ray diffraction and transmission electron microscopy analysis, two distinct regions in the prepared thin film have been observed: a nanocrystalline TiO 2 -V 2 O 3 -V 2 O 5 mixed composition, and a thin layer consisting of amorphous phase and nanocystalline TiO 2 phase deposited directly at the substrate. Optical measurements show excellent transmission in the visible spectral range of 73%, on average. Resistivity of the thin film was found at the order of 10 5 Ω cm at room temperature. The preparation of mixed Ti-V oxides provides a combination of high transparency and semiconducting properties. 
Introduction
Recently, exploratory progress in the development and fabrication of semiconducting nanomaterials in relation to their potential applications in a variety of emerging technologies has been observed. The number of publications focused on nanostructured materials with unique proper-ties completely different from those of bulk materials is increasing day by day. Structural parameters like size and shape of nonocrystals can be controlled by proper selection of either deposition process conditions, post process treatment or material composition. Specifically, in recent years, properties of novel nanomaterials have attracted significant attention in research and application in such technologies as nanoelectronics, nanophotonics, energy conversion and miniaturized sensors [1, 2] .
Many researchers are working in the field of semiconducting nanomaterials based on highly transparent oxide thin films with enhanced electrical conductivity, i.e. transparent oxide semiconductors (TOS) [3, 4] . Fabrication of TOS nanomaterials with desirable properties demands extraordinary and precise control of structural parameters. In conventional semiconductors, obtaining atomically perfect films is less complicated than in nanocrystalline TOS films. In oxides, surfaces and interfaces have significantly greater tendency to develop nonstoichiometry than in bulk nanomaterials. This is caused mainly by the formation of structural defects and by strain responsible for creation of dislocations associated with recombination centers [5] .
Among the most known and usually reported semiconducting oxides such as ZnO, SnO 2 , In 2 O 3 and ITO [6, 7] , the TOS films based on titanium dioxide (TiO 2 ) has attracted attention of researchers in this field. TiO 2 is a nontoxic, cheap, transparent to visible light, wide bandgap oxide with high chemical stability [8] . In addition, TiO 2 has high refractive index and good insulating properties [9, 10] . TiO 2 films are applied in many optical devices, for example in solar cells as antireflective (AR) coating [11] . However, the insulating properties of pure TiO 2 limit its application in electronics as a TOS film. In order to overcome this disadvantage, TiO 2 is usually doped with different metals, for example Nb [12] [13] [14] , Pd [15] [16] [17] , V [15, [18] [19] [20] , or Ta [12] . However, some elements like, for example, Pd [15] [16] [17] , when introduced into a TiO 2 matrix, simultaneously cause a reduction of transmission coefficient. As it can be concluded from other reports, e.g. [17, 21, 22] , doping with vanadium should provide realization of transparent and semiconducting films based on a TiO 2 matrix. Ti-V oxides can form either n or p type conduction depending on revealed phases [23, 24] . In previous authors' work [18] in TiO 2 -V 2 O 5 phase composition, semiconducting properties with the p-type of electrical conductivity rarely found in transparent electronics has been achieved [18] ion concentration, acting as a donor impurity. Therefore, n-type conductivity can be observed [18] .
In this article, an example of transparent semiconducting thin films based on nanostructured Ti-V oxides is presented. The nanocrystalline TOS thin film was prepared by a modified reactive magnetron sputtering method. Structural, optical and electrical properties have been characterized with the help of x-ray diffraction (XRD), transmission electron microscopy (TEM), and optical and electrical measurements.
Experimental
Mixed titanium-vanadium (Ti-V) oxide thin films were prepared by a high energy reactive magnetron sputtering (HE RMS) method [25, 26] . In earlier work [18] , the amorphous thin oxides were prepared from a mosaic target composed of a metallic Ti target and V pieces located on the surface of the Ti target. In the current process, a specially prepared metallic target composed of Ti-V wedges (Fig. 1) was sputtered in oxygen gas onto glass and two kinds of p-type silicon substrates applied in solar cell production (after polishing and texturization processes). The pressure of oxygen in the chamber was kept at 3.53 × 10 −3 mbar and the magnetron powering was kept at 0.91 kW. An additional heating of the target surface that originates from the reactive plasma and a specially designed pulse supplier were applied. As a result, sputtered species approaching the substrate had enhanced thermal energy for ordering themselves. Moreover, the increase in molecular energy during nucleation on the substrate resulted in an increased number of nucleation centers. Higher energy also resulted in an increased number of defects, which led to a significant reduction of grain sizes in the structure. The material composition of the prepared sample was examined by energy dispersive X-ray analysis. It was observed that V and Ti elements were homogenously spaced in the whole thin film (Fig. 2) . The estimated concentration was 3 at.% and 21 at.% for the V and Ti elements respectively. The thickness of the deposited film measured with a Taylor Hobson TalySurf CCI Lite optical profilometer was equal to 340 nm after 100 minutes of deposition. Within the framework of structural measurements, the phase identification and crystallite size were studied by X-ray diffraction (XRD) measurement using a Siemens D5005 powder diffractometer with Cu Kα (λ = 0 154059 nm) radiation, and angle resolution of 0.05
• for a 3-second, constant angular slit (2.2.1 with Scherrer constant equal to 1). The diffractograms were measured in the angle range of 10
• ÷ 60
• at room temperature. The XRD data was treated (using Origin software) by Lorenzian and Gaussian functions. Nanocrystalline phases were identified by comparing the angle of particular reflections with PDF (Powder Diffraction Files) data [27] [28] [29] . Further structural features of mixed Ti-V oxides thin films were investigated by means of a Tecnai G2 Super Twin FEG transmission electron microscope (TEM), as well as highresolution TEM (HRTEM) with an accelerating voltage of 200 kV. Selected electron diffraction (SAED) patterns have been recorded together with bright and dark field images of the film structure. The cross-sectional thin film foil was prepared by removal of rectangular specimens using a focused 30 kV Ga + beam (FIB) Quanta 3D system.
The transmission coefficient (T λ ), cutoff wavelength (λ ) and reflection coefficient (R λ ) were calculated using data provided from optical transmission and reflection measurements. During the reflection spectra measurements, illumination at an angle of 8
• to the surface of the thin oxide film was applied. Light reflected from the sample surface was collected by integrating sphere. The optical spectra were recorded at room temperature in the range of 300÷1000 nm, using a scientific grade QE65000 Ocean Optics spectrophotometer equipped with integrated CCD detector.
Resistivity and Seebeck coefficient measurements were performed in the same temperature range (from 350 K to 535 K) using a Keithley 4200-SCS semiconductor characterization system equipped with Cascade Microtech M-150 probe station. The temperature dependence of electrical resistivity (ρ) and Seebeck coefficient (S) of the Ti-V oxide thin film were measured. - (110) and (200) and V 2 O 5 , respectively. The compositional ratio (x) of the highest intensity peak of each phase in the thin film was determined according to the equation:
Results and discussion
(1) A TEM cross-sectional bright field image (BFTEM) (Fig. 4) showed the Ti-V oxide thin films structure, including two distinct regions. As it was concluded from HRTEM ( Fig. 5b) and SAED (Fig. 6b) images, directly at the substrate, a nanocrystalline thin oxide layer with a thickness of 30 nm has been observed. The streaks of spots visible in (Fig. 6b) indicate a broadening of band intensities which is caused by the presence of amorphous phase. Therefore, in the nanocrystalline Ti-V oxide thin film, near the substrate, a complex structure consisting of amorphous and nanocystalline phase has been observed. The second region is Ti-V oxide thin film with columnar microstructure (Fig. 4) formed by grains. The average diameter of the single column, determined from the HRTEM image ( Fig. 5a ) is about 12 nm. Additionally, from the top of the Ti-V oxide layer, an amorphous carbon layer was evaporated in order to discharge the film surface and increase the emission of secondary electrons. The phase identification of Ti-V oxide thin film structure based on SAED patterns was accomplished with the aid of Process Diffraction software [30, 31] . As can be seen in (Fig. 6 ), both distinct regions have visible diffraction spots derived from characteristic crystalline planes. The columnar structure forms mixture of oxides: TiO 2 -anatase, V 2 O 3 and V 2 O 5 , while in the case of the thin oxide layer located at the substrate, the TiO 2 phase has been identified. Fig. 7 shows the transmission spectra of the mixed Ti-V oxide thin films. The position of the fundamental absorption edge λ of the measured film evaluated from the slope of the transmission spectra was 356 nm. Therefore, until this wavelength, the thin film was transparent with an average transmission level of 73% in the longer wave- length range. This value is about 10% lower than in the case of undoped TiO 2 [17, 18] . Comparison of reflection spectra of uncoated silicon substrates versus those covered with the mixed Ti-V oxide thin films are presented in Fig. 8 . Silicon is a semiconductor material with relatively high refractive index ( = 3 6 at λ = 600 nm), which causes significant reflection loss of light from its surface. For monocrystalline silicon substrate used in solar cells production, a reflection coefficient R λ is in the range of 30 ÷ 35%, and usually this is reduced mainly through a texturization process and additionally by a special antireflective film deposited on its surface. When the surrounding medium is air ( ≈ 1 0), zero reflectance occurs when the refractive index of the coating material has a value of about 1.9. However, in practice, TiO 2 (2 3 ÷ 2 6) are often applied as an antireflective coating. For mixed Ti-V oxide, the calculated value for the parameter n was about 2.1 (λ = 600 nm), which is closer to the theoretical value. Therefore, such thin film seems to be a better antireflective layer than the conventional TiO 2 . As can be seen in Fig. 8a , the polished silicon substrate has R λ = 30% in the visible spectral range. Nevertheless, after deposition of a mixed Ti-V oxide thin film, the reflection coefficient was reduced to 18% (Fig. 8a) . Observed behaviour testifies to the antireflective function of mixed Ti-V oxide thin film in the observed range of 300 ÷ 1000 nm. Another presented example in Fig. 8b is concerned with polished and additionally texturized silicon substrate. Here, through suitable development of surface roughness, minimization of R λ to 10% has been achieved. Covering the polished and texturized Si substrate with the same Ti-V oxide film, as in the previous case, causes further reduction of the reflection coefficient by several percent. The electrical properties of the mixed Ti-V oxides were investigated by resistivity versus temperature measurements and are presented in Fig. 9a . As can be seen, by introducing just several percent of V to the TiO 2 matrix, semiconducting properties have been achieved. The addition of V causes a decrease of the resistivity value of Ti-V oxide by 6 orders as compared to the TiO 2 matrix (ρ dropped from 10 11 Ω cm to 10 5 Ω cm). In view of a broad temperature range, both resistivity and Seebeck coefficient (presented in linear scale) vs. temperature characteristic curves were obtained (Fig. 9b) . However, to determine thermal activation energy Wρ, the dependence of ρ(1000/T) should be presented in a semilogarithmic scale (Fig. 9a) . In this way, the linear relationship between the logarithm of resistivity and temperature has been observed. This indicates that the conduction mechanism in the measured film proceeds through a thermally activated process. In order to determine the minimum energy required to transfer carierrs from donor level to the conduction band (for n-type semiconductors), the thermal activation energy Wρ should be estimated. The experimental determination of activation energy from the slope of the electrical resistivity ρ versus temperature is given by the following equation:
where k B is Boltzmann's constant. The calculated activation energy for mixed Ti-V oxide equals 0.31 eV which is typical for oxide semiconductors. In practice, in oxide materials the value of thermal activation energy is usually about one order higher compared to conventional semiconductors. This follows from the conduction mechanism which is connected both with electric conduction in the extended states and with conduction caused by hopping between localized energy states inside the forbidden gap [32] . If the carriers move by hopping in the localized states, the conductivity varies nearly exponentially with temperature, and the measured activation energy is the sum of the activation energies for carrier creation and for hopping. The type of electrical conduction of the film was determined from thermoelectrical measurements, i.e. based on the sign of the Seebeck coefficient (Fig. 9b) In Fig. 9b of Seebeck coefficient value versus temperature of Ti-V oxides, two different slopes have been observed. The S parameter increases with increase in temperature in the range of approximately 350 ÷ 440 K and then is almost constant in the higher temperature range of approximately 440 ÷ 535 K. The observed increase of Seebeck coefficient follows from the higher donor concentration under the influence of oxygen vacancy formation, which could be caused by Fermi level shifting towards the conduction band. As a result, the observed kink (at temperature T = 440 K) could be the effect of Fermi level pinning [34, 35] . In the higher temperature range, the injected majority charges are compensated by acceptor levels, which can be a native point defect from TiO 2 anatase, such as oxygen vacancy or titanium atoms located at the interstitial positions [36] .
Conclusions
The Ti-V TOS thin film was prepared by using the reactive magnetron sputtering HE RMS method. High transmission (above 70% in the visible spectral range) was achieved simultaneously with semiconducting property (resistivity circa 10 5 Ω cm at room temperature) with electron type conduction. Results of XRD and TEM measurements revealed nanocrystalline, mixed TiO 2 -V 2 O 3 -V 2 O 5 composition of the prepared thin film. BFTEM analysis additionally showed a thin film with complex composition (mixed amorphous and nanocrystalline TiO 2 phase) deposited directly on glass substrate. Reflection measurements of prepared TOS/Si structure reveal the ability to considerably reduce reflection by several percent. It was found that mixed Ti-V oxides have a key role as antireflective coatings, despite texturization process, in maximization of light trapping ability within the silicon.
